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What distinguishes our work from other mutation databases is that it is structure-based and includes all the existing structures of the PDB. Synchronization with the PDB database will be maintained. As an application, we carry out an experimental structure-based statistical analysis of the effects of mutations, on both protein structure and protein dynamics. A key question we address in this work is: is it valid to use mutant structures (or variants from different species) to represent a native state sample of a given protein? Our results indicate that mutations can cause significant structure changes and dynamics changes, more than commonly expected. This implies that cautions must be taken when mutation structures are considered to be included as representative samples of the conformation space of a given protein.
CHAPTER 1. INTRODUCTION
PDB [1] has over 120,000 structures. Among these the vast majority are proteins or protein complexes. Only about 2.5% are DNA/RNA. About 90% of these structures are determined by X-ray, 10% by NMR, and 1% by cryo-EM or other means. And more structures are being deposited at an ever increasing rate. Many of these structures are of the same protein that has already one or more structures deposited in PDB.
There exist many structures of the same protein and these structures form an ensemble of the protein which can be used study dynamics that exists in the ensemble. Best et al. [2] shows that some of these ensembles are able to reproduce different NMR measurements and may represent the true native-state ensembles. Others [3, 4, 5, 6] showed that the dynamics within the structure ensembles obtained by Principal Component Analysis(PCA) matches well with the dynamics obtained by normal mode analysis [7, 8, 9] .
Most of the existing structure determination methods solve for a single average structure.
However, during the last decade or so, there has been a lot of effort in determining protein structure ensembles directly from experimental data. It was realized that a single structure was not sufficient to satisfy all the experimental constraints observed. Attempts have been made to determine an ensemble of two conformations or more [10, 11, 12] . The main challenge for ensemble determination is overfitting. And there is no guarantee that the structures solved represent the true native state ensemble even if they reproduce the observed dynamics well and there is a lack of confidence in the quality of individual structures. Ways to reduce overfitting were proposed [13, 14] . The abundance of structures in PDB provides an excellent alternative for constructing structure ensembles, especially if the ensemble is able to reproduce well NMR measurements.
In this work, we organize all the protein structures in the PDB and form a wild type and mutant structure database. The database groups the wild type and mutant structures of the same protein together. A direct benefit of the database is the easy accessibility of the structure ensembles of these proteins. Such ensembles are known to be highly useful for representing the native states of proteins and for understanding their functions. For each protein, mutants are sorted by the number of mutations and the location(s) of the mutations.
There are a number of databases available, as sequence and mutation data are useful in analyzing evolutionary relationship between proteins. The protein mutant database (PMD) [15] includes natural and artificial mutant proteins, which are taken from publications. M.Michael et al. constructed proteins and mutants database for thermodynamic data (ProTherm) [16] .
There are also several mutants database focused on structures and/or sequences of specific proteins such as lipase [17] , peptaibols [18] and GALT proteins [19] . However, no mutant database is based on sequence and provides coverage of most of the proteins in protein data bank. In this work, We collect all protein sequence similarity information from the protein data bank and develop a wild type and mutant database. Its special features include: (i) most proteins in the protein data bank are included; (ii) it clearly displays sequence difference between the wild type and mutants of each protein; (iii) it provides a convenient accessing point to all the existing structures for any given protein. We build a web page that shows the mutation information on every protein entry. Also an investigation on how mutations affect protein structure and dynamics is carried out. What further distinguishes our work from other mutation databases is that it is structure-based and includes all the existing protein structure of the PDB. Synchronization with the PDB database will be maintained.
CHAPTER 2. MUTANTS DATABASE

Construction
There are currently over 120,000 entries in the Protein Data Bank [1] and about 97% are protein structures. Many of these entries are structures of the same protein and thus are highly similar or even identical in sequence. They represent structure mutants, variants from different species, structures in complex with different ligands, or structures determined under different experimental conditions. To group the structures by proteins, we use the clusters produced by blastclust [20] . Blastclust can be run at different levels of sequence similarity. We use two blastclust results: one at 100% sequence similarity and one at 95%. Both results are available online at the PDB website. Each line of bc-100.out.txt lists PDB entries of the same sequence, and each line in bc-95.out.txt lists sequences that are 95% similar. We use these two cluster files to find wild types and mutants for each entry. The detailed procedures are given below.
1. We divide each entry of 95% cluster into sub clusters based on the 100% similarity clusters(see Figure 2 .1).
Step one shows an entry of results at 95% sequence similarity corresponds to two entries of results at 100% sequence similarity.
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Statistics
Our mutant database contains 44,035 entries and 139,344 proteins (or structures). we focus on the effects of mutations on protein structure and protein dynamics.
To this end, we analyze the differences between wild type ensembles and mutant ensembles of a selected subset of proteins and use the differences to infer how mutations alter protein structure and dynamics.
The Dataset
To have a statistically meaningful ensemble analysis, a subset of 559 protein are selected from our mutant database. These proteins are selected since for each of them there exist at least 15 wild type structures. To that end, we first carry out a structural alignment of all the wild type structures of all the proteins in the data set. This is done as follows:
Methods
• Select one of the wild type structures. Align the rest of wildtype structure to it by applying the optimal rotation and translation that minimize the root mean square distance (RMSD) [21] .
• Compute the geometric average of all the aligned structures.
• Find the wild type structure that has the smallest RMSD distance to the geometric average and label it as the reference structure.
• Align all wild type and mutant structures of the same protein to the reference structure and get RMSD for each structure
• Compute the average RMSDs of wild type structures and mutant structures respectively.
Principal components analysis
Principal component analysis (PCA) is applied to wild type and mutant ensemble structures [3] . Before applying PCA to an ensemble, we first determine the reference structure and align all the structures in the ensemble (see the last section).
For a protein with r residues, we can represent its r C α atoms using a vector of length 3r. Assume for this protein, there are n structures. We can write down all the coordinate information of these n structures together in a n by 3r coordinate matrix M. We then compute the co-variance matrix C ij in the following manner:
Brackets <> represent the average of the n structures. We can decompose matrix C as:
where E are the eigenvectors, or the principle components (PCs). The diagonal matrix ∆ contains all the variances that correspond to the PCs.
Overlaps between principal components
The first few principal components of an ensemble of protein structures represent the major directions of variations or motions. When including mutants in a structure ensemble that is initially composed of only wild type structures, the inclusion of new structures may alter the dynamics represented by the ensemble. To characterize the effect of mutants on the dynamics, we compute the principal components of motions of the ensemble before and after mutant structures are included. We then compute the overlaps between the corresponding PCs to see to what extent they have been altered.
The overlaps are defined simply as the dot product of the two PCs being compared. Let p i and q i be the i th PCs of the ensemble before and after mutants are included in the ensemble.
A perfect match between two principal components gives an overlap value of 1. The closer to 1 is the overlap, the better is the match.
Results
To determine if there is significant structural difference as a result of mutations, we compare the structure ensemble of the wild types and the structure ensemble of the mutants for every protein in the data set.
The wild type and mutant database created in this work provides a convenient access to all the available experimental structures for any given protein. These structures of a given protein form an ensemble of conformations that can better describe the native state of the protein than any single structure itself. The ensembles can be used to better understand the native states of proteins and protein functions. Since it includes all the protein structures in the PDB, some systematic studies of all the ensembles may provide new insights. In this section, as one example application, we will use the database to study the effect of mutations on protein structure. the abundance of structure in the database allows us to carry out a statistical analysis of the effect of mutations on structure, and to draw some conclusions about the effects of mutations based solely on experimental structures.
Effects of mutations on protein structure
Mutation in a protein may change the folded structure of the protein. Some mutant structures are significantly different from their corresponding wild type structures, while for the other cases, the changes are insignificant. Fig. 3 .1 shows the distribution of structure changes by mutations. Fig. 3.1(a) Out of these 70 proteins, we select those that have five or more wild type and mutant structures. This results in 17 proteins. Two more proteins are further removed since there is only one mutation structure that is accessible under our current procedure. Table 3 We apply also the ENCORE [22] method to compute the difference between the two sets of ensembles. However, the ENCORE values do not seem to produce a reasonable measure of these ensembles and thus are not included here. In this section, we will look into how mutations affect the flexibility of a structure. Does mutation make a structure more flexible or less? To this end, we consider all the "red dot" proteins in Figure 3 .1 for which the RMSD fluctuations within the wild type structures and those within the mutant structures are distinctly different. For each of these proteins, we construct a wild type ensemble and a mutant ensemble. We compute the average entropy of these ensembles in the following way. First, we estimate the mean-square fluctuations of each residue by [23, 24] :
where n i is the number of contacts that a residue has with its neighbors. A cutoff distance of 7.3Å is used when determining if two residues, more precisely their C α atoms, are in contact (i.e., their separation is less than or equal to the cutoff distance). Once we have the mean square fluctuations, the entropy of the whole structure is computed in the following manner [25] ,
The average entropy of an ensemble is then the mean value of the entropies of all the structures in the ensemble. 
How mutation affects protein dynamics
Ensembles are commonly used to represent protein conformation heterogeneity and protein dynamics [10, 11, 12, 13, 14] . Best et al. [2] showed that the existing structures in PDB of one protein can capture very well the dynamics of the protein. The principal motions that are encoded in a protein ensemble has been shown to match well with the normal mode motions computed by elastic network model [3] . Mutant structures are often assumed to have the same protein dynamics as wild type structures. They are often mixed with wild type structure in an ensemble, without making any distinction between the two groups. Part of the reason is that there were not that many structures of any protein and a mutant has nearly an identical sequence and it was assumed that mutant structure should have a similar dynamics as the wild type.
The abundance of structures for both wild type and mutant in our data set makes it possible for us to test if such an assumption is valid. That is, when using structures to represent protein dynamics, is it OK to include mutation structures?
To this end, we divide the 559 proteins in our data set into six groups based on the percentage of mutant structures. The composition of six groups are: 1) the first set 100 proteins with mutants ratio 0%-9%, 2) the second set 100 proteins with mutants ratio 9%-17.5%, 3) the third 100 proteins with mutants ratio 17.5%-27.2%, 4) the fourth 100 proteins with mutants ratio 27.2%-40%, 5) the fifth 100 proteins with mutants ratio 40%-59.2%, 6) the last 59 proteins with mutants ratio 59.2%-88.6%.
For each protein in each group, to measure the extent to which principal motions of a structure ensemble are affected by the amount of mutant structures present in the ensemble, we compute the principal motions with (both wild types and mutants) and without the mutants (wild types only) and then calculate the overlaps between the corresponding principal components (i.e., PC1 vs. PC1, PC2 vs. PC2). • At a low percentage, the overlap between PC1s are high, mostly 90% and above.
• As the percentage of mutants increases, the overlap deteriorates.
• For those proteins whose PC1 overlaps are greater than 0.9, we look at their PC2 overlaps.
First, at a low percentage (of mutants), PC2 matches well also (i.e., having a high overlap).
• At high percentage of mutants, not only does the number of proteins with high PC1 overlap decrease, even for those with high PC1 overlaps, PC2 overlap decreases as well.
These observations imply that the presence of a large percentage of mutants in the ensemble may alter the dynamics represented by the ensemble. 
Validation
Realizing there is a possibility that the above result may be due not to the increasing percentage of mutants present in the ensemble, but to the increasing percentage of new structures included into the ensemble, we carry out the following test.
We select 25 proteins that has the largest number of wild type and mutant conformations (at least 84 wild type frames and 24 mutant frames).
For each of these proteins, we start a wild type ensemble using 50 randomly chosen wild type structures. We then gradually add to this ensemble the same amount (10 conformations For the other proteins shown in Figure 3 .5(B), the decrease in PC overlaps is smaller (all the overlaps remain greater than 0.9), even though the addition of mutants still brings a larger change to the principal components than the addition of the same number of wild types.
including mutant structures in protein ensembles to represent protein dynamics.
Since a new structure, especially a mutant structure, has the potential to alter the dynamics significantly, one should impose an overlap threshold to prevent the principal motions (PC1, PC2, etc) from being altered too much. One can monitor how much the principal motions (PC1, PC2 etc) are altered when a new structure is considered for inclusion and allow no mutant structure to be added if it causes the principal motions to deviate from the original principal motions beyond the given overlap threshold.
CHAPTER 4. CONCLUSION
In this work we have developed a wild type and mutant structure database. Using data from this database we have analyzed how sequence changes (mutations) affect protein structure and dynamics.
In the future, we will study if excluding mutants in ensembles will produce a better match between normal modes (such as those computed from ANM model [26] ) and principal components.
